Aim: To develop a homogeneous assay for high-throughput screening (HTS) of inhibitors of phosphodiesterase 10 (PDE10). Methods: Purified human PDE10 enzyme derived from E coli, [
Introduction
The cyclic nucleotides, cyclic-adenosine monophosphate (cAMP) and cyclic-guanosine monophosphate (cGMP), function as intracellular second messengers regulating a vast array of biological processes. Given the important role of cyclic nucleotides in signal transduction and physiological pathways, therapeutic benefits may be derived from the use of compounds that affect the regulation of cyclic nucleotide signaling [1] . Phosphodiesterases (PDEs), which regulate cyclic nucleotide signaling by hydrolyzing cAMP and cGMP, may play pivotal roles in cell signaling. To date, 11 known families of PDEs encoded by 21 different genes have been identified [2] . The PDE families are distinguished functionally based on cyclic nucleotide substrate specificity, mechanisms of regulation and sensitivity to inhibitors. Due to differential expression and functionality throughout the organism, different PDE isozymes exert distinct physiological functions [3] . PDE10 is recognized as a unique family based on its primary amino acid sequence and distinct enzymatic activity. It displays dual activities on hydrolysis of both cAMP and cGMP, with an affinity for cAMP (K m =0.05 μmol/L) higher than that for cGMP (K m =3 μmol/L) [4, 5] . Its mRNA is highly expressed in the testis and brain [6] . Loss of PDE10 activity in the striatum of transgenic mice led to dysregulation of cAMP and cGMP levels, thereby implying an important role in Huntington's disease [7] . Furthermore, Siuciak and colleagues revealed that PDE10A is involved in the regulation of striatal output, possibly by reducing the sensitivity of medium spiny neurons to glutamatergic excitation [8] . These results support the hypothesis that PDE10A inhibition may present a novel treatment for psychosis.
Small chemical modulators for PDE10 are of great value in both investigating enzyme properties and developing therapeutics, as exemplified by the PDE10 inhibitor, papaverine albeit it is not PDE10 selective. It was found that conditioned avoidance response in rats and mice as well as PCP-and amphetamine-stimulated locomotor activity in rats could be suppressed by papaverine [9] . Moreover, PDE10A inhibition caused by papaverine effectively improved executive function deficits associated with experimental schizophrenia in 1117 www.chinaphar.com Li QY et al Acta Pharmacologica Sinica npg rats [10] . Selective PDE10A inhibitors TP-10 and MP-10 have been reported to decrease psychomotor activity, reverse deficits in prepulse inhibition and inhibit conditioned avoidance response (CAR) in rodents, implying potential antipsychotic activities [11, 12] . These compounds also improved cognitive performance in domains impaired in schizophrenia and negative symptoms in rodents [11] [12] [13] . As mentioned above, it is believed that novel PDE10 inhibitors would serve not only as potential drug candidates to treat psychosis, but also as important tools to elucidate the mechanisms of action related to PDE10.
To discover and characterize novel chemical modulators for PDEs from large compound libraries, approaches amenable for high-throughput screening (HTS) are necessary. Obviously, there is a strong need to seek new assay systems that could offer advantages such as high throughput, robustness and low cost.
In the present study, we describe the development and validation of a robust scintillation proximity assay (SPA) for identification and characterization of human PDE10 inhibitors. A HTS campaign of 71 360 synthetic and natural compounds using this assay system was carried out. As a result, a number of novel inhibitors structurally distinct from the compounds known to modulate human PDE10 function were discovered. Eight initial hits with similar structures were chosen as the scaffold for structural modifications and subsequent structureactivity relationship (SAR) analyses.
Materials and methods

Reagents
Papaverine was provided by H Lundbeck A/S. HEPES was obtained from Invitrogen (Carlsbad, CA, USA). MgCl 2 and Tween 20 were purchased from Shanghai Chemical Reagents Co, Ltd (Shanghai, China). Isoplate™ mircotiter plate was the product of PerkinElmer (Boston, MA, USA). SPA yttrium silicate beads and [
3 H]-cAMP (59 Ci/mmol) were procured from GE Healthcare (Little Chalfont, Buckinghamshire, UK).
PDE10 assay
The SPA assay for PDE10 was modified according to the method described previously [14] . Briefly, compounds (2 μL per well) dissolved in 100% dimethylsulphoxide (DMSO) were pre-plated onto Isoplate™ mircotiter plates. The wells were incubated in 48 μL PDE10 solution containing 50 mmol/L HEPES, 10 mmol/L MgCl 2 , 0.03 % Tween 20, pH=7.6. The volume of PDE10 used was determined by enzymatic activity that provides a high signal window but does not deplete the substrate.
After 10 min incubation at room temperature, 50 μL [ 3 H]-cAMP (20 nmol/L) per well was added to the assay plates. The plates were then placed at a shaking table (450 r/min×10 min) and incubated for 40 min at room temperature. Fifty microliter STOP-mixture (SPA beads dissolved in water to a concentration of 10 mg/mL) was added to each well thereafter and incubated for 10 min with shaking at 450 r/min before counting on the Microbeta scintillation counter (PerkinElmer).
HTS campaign
The compound library used for the screening of human PDE10 inhibitors consisted of 71,360 pure synthetic and natural compounds. Samples dissolved in 100% DMSO were applied to the primary screening, with an average final concentration of 3.3 µmol/L for each compound. In each 96-well assay plate, 6 wells were used as IC 100 controls (10 µmol/L papaverine), 4 wells as IC 50 controls (300 nmol/L papaverine), and 6 wells as IC 0 controls (2% DMSO). Compounds showing greater than 70% inhibition relative to IC 0 were considered as "hits".
Data analysis
Data were analyzed using GraphPad Prism software (GraphPad, San Diego, CA, USA). Non-linear regression analyses were performed to generate dose-response curves and to calculate IC 50 values. Percentage responses of hits were compared with that of 10 µmol/L papaverine, which was defined as 100%. Z' factor, which estimates the suitability of the SPA assay to HTS, was assessed as previously described [15] . The equations of S/B=M signal /M background and CV=100×(SD/M) were applied to calculate the signal/background ratio (S/B) and the coefficient of variation (CV) values of the assay, respectively.
Results
Assay validation
We first used various amounts of the PDE10 enzyme extract to assess the optimal protein concentration for the SPA assay. Both signal (IC 0 ; using DMSO) and background (IC 100 ; using 10 μmol/L papaverine) were investigated, and the optimal PDE10 amount was determined to be 5 nL/well that resulted in a signal to background (S/B) ratio of 6.2 ( Figure 1 ). The effects of reaction time on the assay signal and background are shown in Figure 2 . Not only did the signal but also the background increase along with prolonged [ 3 H]-cAMP incubation time. As a result, a substrate incubation time of 40 min led to a better S/B ratio (5.36) and was thus used in the HTS campaign. DMSO is the most commonly employed solvent to dissolve organic compounds in HTS. At concentrations of up to 2% DMSO did not affect the assay performance (data not shown). Under these optimized conditions, the IC 50 value of the PDE10 inhibitor papaverine was 364 nmol/L (Figure 3) . 
Assay performance
In order to apply the SPA assay system to HTS, both signal evoked by [ 3 H]-AMP, the product of PDE10 enzyme reaction, and background (10 μmol/L papaverine) were studied. As shown in Figure 4 , the coefficient of variation (CV) values were 5.5% for total signal and 12.5% for background, respectively. The Z' factor for the assay was 0.71 with an S/B ratio of 5.24. These characteristics indicate that the system is of high quality and well-suited to HTS [15] .
Identification of PDE10 inhibitors
The result of the HTS campaign for PDE10 inhibitors is shown in Figure 5 . Of the 71 360 samples initially screened for potential inhibitory effect on PDE10, 692 hits (0.97%) displaying greater than 70% positive modulation activity relative to papaverine were discovered. In the HTS campaign, the Z' factors varying between 0.69 and 0.74 conferred the assay quality requirement of above 0.5. In the secondary confirmation study (initial hits in duplicates), 67 compounds demonstrated consistently inhibition compared to papaverine (9.68% of the initial hits or 0.09% final hit rate). Among them, 8 synthetic chemicals with similar structures displayed IC 50 values below 0.4 µmol/L ( Table 1 ). The scaffold of these novel PDE inhibitors was chosen as the starting point for medicinal chemistry efforts.
Structural modifications
Limited medicinal chemistry efforts were made to modify the structures of the initial hits. Of the 25 analogues made [16] , 7 were tested for inhibitory properties on PDE10 and none of which showed any improvements in terms of bioactivity (Table 2) .
Discussion
Due to its large variety of biological activities, studies on PDE10 have become an emerging area that attracts scientists from different disciplines. Apart from potential value of using PDE10 as a drug target, exploration of small molecule inhibitors of the enzyme could provide powerful tools in further understanding of the physiological roles of this phosphodiesterase subtype. Here we report a rational approach to discover novel PDE10 inhibitors by use of a robust SPA assay.
According to our prior experience in the development of SPA-based receptor binding HTS methods [17, 18] , efforts were In order to apply the SPA assay to a HTS setting, many factors should be considered to maximize the signal and the S/B ratio. As shown in Figure 1 , varying the amount of PDE10 per well influenced the total signal and background of this assay. The substrate incubation time of 40 min was chosen for the HTS campaign as it resulted in a robust total signal and the highest S/B ratio (Figure 2) . DMSO tolerance should also be examined as it can limit the maximum concentration npg of a compound to be examined. In this case, up to 2% DMSO exhibited no obvious effect on the assay performance. The Z' factor is a useful indicator for assessing the quality of HTS assays. In general, a Z' value above 0.5 suggests that an assay is robust enough for use in HTS settings. The SPA system described in this paper consistently displayed a Z' value equal or above 0.69. This, and in conjunction with other parameters such as S/B ratio and CV values, suggest that the assay system employed is well suited to HTS. Subsequent HTS campaign using this system led to the discovery of 67 confirmed hits. Among them, 8 with similar structures displayed consistent inhibitory effects on PDE10 with IC 50 values below 0.4 µmol/L. Limited structural modifications did not yield more potent analogues but this medicinal chemistry efforts in still ongoing. In summary, we have developed and validated a SPA-based assay to identify novel PDE10 inhibitors. The approach may also be applicable to identify and evaluate modulators of other PDEs. Moreover, the newly discovered PDE10 inhibitors have distinct structural features that differ from those reported elsewhere. Indeed, knowledge obtained from the present studies will facilitate the pursuit to develop new PDE10 inhibitors.
